(>15 000 cm −1 ) near the band-edge and a near-optimum bandgap with respect to the detailed balance efficiency for single-junction solar cells [1] . Although these material properties provide great potential for high-efficiency CdTe cells, record efficiencies of monocrystalline II-VI solar cells fall well below those of III-V cells; the latter currently set the standard for both high-efficiency single and multijunction applications [2] .
In fact, while polycrystalline CdS/CdTe solar cells have been utilized for photovoltaic applications with an achieved record efficiency of over 22%, as demonstrated by First Solar (21% as independently verified by NREL [2] ), monocrystalline CdTe devices have received considerably less attention. Recent work with monocrystalline absorbers has attempted to explore the role that bulk recombination plays in the observed low opencircuit voltages (V oc ) of current state-of-the-art polycrystalline CdTe devices [3] . Yet, in these designs, surface recombination still plays a major role in limiting the V oc of these devices. This limits the exploration of other factors and their potential impact on V oc (such as the contact layer). The CdTe/MgCdTe interface possesses extremely low interface recombination velocities due to the low lattice mismatch, making MgCdTe an ideal barrier material for minority carrier confinement while also ensuring high-quality CdTe absorber growth above this layer. Effective minority carrier lifetimes of 3.6 μs are thus readily achieved in undoped CdTe double heterostructures, while doped absorbers exhibit lifetimes on the order of hundreds of nanoseconds [4] [5] [6] [7] . Absorber material quality and interface recombination are no longer the limiting factors in achieving high V oc . The present challenge lies rather in providing adequate contacts to extract the large implied voltage at the maximum power point as a (equally) large external voltage. In particular, due to difficulties in doping p-type CdTe material, high-efficiency CdTe homojunctions are not currently a viable option. Unfortunately, in a similar manner, doping the MgCdTe alloys p-type, as would be necessary for a hole contact, is just as challenging. Nevertheless, an unintentionally doped MgCdTe barrier layer can still passivate the surface, while other materials with higher demonstrated p-type dopant densities can be used to form the hole contact layer regardless of the material quality [4] . This design technique was utilized most recently in demonstrating a 17%-efficient monocrystalline CdTe solar cell featuring a p-type a-Si:H hole contact layer [4] , [7] . While allowing remarkable efficiency, the doped a-Si:H layer shows physical limitations, such as its moderate bandgap (∼1.8 eV), which leads to considerable parasitic light absorption.
We therefore propose and investigate the use of a p-ZnTe/iMgCdTe/n-CdTe/n-MgCdTe double heterostructure on an n-InSb substrate as the foundation for a monocrystalline CdTe solar cell. The MgCdTe barrier layers are utilized as passivation layers used to confine photogenerated minority carriers. These barriers, utilized in conjunction with low-defect InSb wafers and lattice-matched interlayers, result in a solar cell structure that possesses an extremely high-quality CdTe absorbing region with very low defect density. The hole contact is made up of p-ZnTe, a wide-bandgap material of 2.25 eV [8] , [9] that can be heavily doped. This material has been used as a hole contact in polycrystalline devices to great benefit, although under those circumstances, it is used in conjunction with a p-type CdTe absorber as is standard with polycrystalline designs [10] [11] [12] . The material has even been integrated into commercial modules [13] . By design, the use of this layer should result in less parasitic absorption in the contact and, thus, a higher overall current density. What remains to be seen is whether this material can still reliably extract the record-level open-circuit voltages seen in devices using an a-Si:H contact layer. This work has been partially reported in the proceedings of the 43rd IEEE Photovoltaic Specialists Conference [14] . Additional analysis on copper doping of ZnTe, including photoluminescence (PL) decay, secondaryion mass spectrometry (SIMS), and capacitance-voltage (C-V) results, are presented along with band-edge diagram simulations. Further device characterization is also presented.
II. SOLAR CELL STRUCTURE DESIGN
One of the primary differentiations between the structure discussed here and those of other CdTe devices is the use of an n-type absorber. With n-CdS/p-CdTe processes dominating industrial output, most research work has followed suit and focused on understanding and improving the limitations associated with p-type CdTe in order to improve commercial technologies without dramatically affecting the process. However, a great deal of these issues revolve around compensation and the dramatic reduction in material quality, with even low p-type doping densities that can be resolved by merely adopting a different architecture that relies on an n-CdTe absorber. While considerable improvement has been made in increasing the lifetimes in p-CdTe materials, the quality of associated barriers will still suffer, such as the use of p-ZnTe:Cu as a hole contact. Utilizing a monocrystalline n-type absorber opens up the possibility for much higher quality n-MgCdTe barrier layers and interfaces. As demonstrated in previous work with this material system, n-CdTe double heterostructures demonstrate exceptional material quality [4] [5] [6] [7] . Fig. 1 shows the structure of the solar cells fabricated using this architecture. P-ZnTe was selected as the hole contact layer. An i-MgCdTe layer provides surface passivation and carrier confinement at the top of the absorber; an n-MgCdTe and n-CdTe layer stack offers the same functionalities at the bottom as an electron contact. This design change enhances our previous work, in which a p-ZnTe/CdTe heterointerface was present [15] . The isolation of the absorber from the hole contact layer means that the quality of the contact layer is largely irrelevant; the design can accommodate defective layers, as was done with the work utilizing a-Si:H, but does not necessitate them, as single-crystal ZnTe functions here as well.
Two different approaches were taken to produce a heavily doped ZnTe hole contact. While the overall design shown in Fig.  1 is the same in both cases, the deposition method and doping species for the contact layer differ. The ZnTe hole contact was doped with aresenic in one case and copper in another. In both cases, the cell-up to and including the i-MgCdTe layer-was first grown at Arizona State University (ASU) on a 2-in n-type InSb substrate in a VG V80H dual-chamber molecular beam epitaxy (MBE). The InSb buffer layer was grown in a dedicated III-V chamber after thermal desorption of the substrate's oxide at a substrate temperature of 390°C and a Sb/In flux ratio of 1.5. After transferring the wafer to a dedicated II-VI growth chamber, all subsequent CdTe material growth was carried out at a substrate temperature of 265°C and a Cd/Te flux ratio of 1.5.
In the case of arsenic doping, the top 20-nm-thick p-ZnTe layer was then grown in a custom metal-organic chemical vapor deposition (MOCVD) system at Rensselaer Polytechnic Institute at 300°C. The samples were then shipped back to ASU for further processing and characterization. The growth conditions have been shown, through Hall measurements, to produce p-type ZnTe films with carrier concentrations of 2 × 10 18 cm −3 [15] . In the case of copper doping, the cell was fully grown by MBE at ASU, including a 15-nm-thick ZnTe contact layer. This layer was deposited nominally intrinsic. A 1-nm-thick layer of copper was then sputtered on this layer, where it then diffused into the ZnTe. Hall measurements on ZnTe films doped in this manner indicated an average concentration of 4 × 10 18 cm −3 , while CV measurements on the same samples indicated an average concentration of 6 × 10 18 cm −3 . Further processing, such as indium tin oxide (ITO) and silver contact deposition, were the same, as descrbed in previous publications, and were carried out in a similar manner for both hole contact designs discussed here [4] . For all devices under test, the final processing steps include the sputtering of circular ITO patches of 2-and 3-mm diameters. While the ITO can be probed directly, silver contact pads were subsequently sputtered on the edges of the patches to ensure consistent long-term ohmic contacts. Fig. 2 depicts the calculated band-edge diagram at equilibrium for the device structure shown in Fig. 1 with arsenicdoped ZnTe (ZnTe:As). Significant indium diffusion from the InSb buffer and substrate is present in the CdTe absorber, as discussed in Section III-B. With indium acting as the n-type dopant throughout the CdTe layers, the diffusion results in an increase in the doping density at the back surface of the absorber layer-this is reflected in the band-edge diagram simulations. A complete list of the parameters used in the band-edge diagram simulations is shown in Table I ; the same parameters listed for the n-CdTe absorber were used for the CdTe electron contact except for the thickness, which was 500 nm, and the doping density, which was 5 × 10 17 cm −3 . 
III. EXPERIMENTAL RESULTS

A. Absorber Material Quality
Fig . 3 shows the steady-state PL intensity of complete solar cell devices, which is a good measure of both the quality of the material and an indicator of the maximum quasi-Fermi-level separation in the absorber. Prior device construction included a p-ZnTe/n-CdTe heterojunction at the surface of the absorber [15] . Due to the large lattice mismatch between these materials in addition to the growth interuption, this interface has a very large interface recombination velocity (IRV), and thus, the PL intensity of devices with this construction suffers, as seen from the blue curve in Fig. 3 . As the CdTe/MgCdTe heterointerface is much better suited to minimze the IRV, double heterostructures constructed using this system have a much higher effective minority carrier lifetime and, therefore, produce a much higher PL intensity [12] [13] [14] . The red and black curves plotted in Fig. 3 are both from solar cell structures containing an i-MgCdTe passivation layer. In both cases, the PL intensity is nearly an order of magnitude stronger than that of the structure without a passivation layer. It is understandable that the PL for these samples is similar, as they are both constructed of the same underlying double-heterostructure design. That there is little difference between the two is indicative of the fact that the individual contact deposition processes do little to damage, or negatively affect, the quality of the absorber layer itself. Compared with the largest measured V oc of 759 mV for devices without a passivation layer [15] , we expect a much larger value with these samples. Indeed, the cell with the a-Si:H hole contact in Fig. 3 resulted in a V oc of 0.9954 V ± 0.3% [4] , and similar PL intensity is obtained for a-Si:H and ZnTe hole contacts on top of the i-MgCdTe passivation layer-further evidence that the quailty of the absorber is unaffected by the contact choice. C-V measurements on the ZnTe/MgCdTe/CdTe double-heterostructure solar cells made in Fig. 4 . C-V and 1/C 2 profile for a solar cell with a copper-doped ZnTe hole contact. This measurement was taken using a Hg probe prior to ITO deposition. this study, shown in Fig. 4 , indicate a built-in voltage of 1.14 V, demonstrating a potential to reach a similarly high V oc .
B. Effect of Copper Doping on Absorber
In the case of copper doping, the copper can migrate into the CdTe absorber, and while it is employed as a p-type dopant in typical processes, it is a deep-level acceptor with extremely poor incorporation [15] , [16] . With an n-type absorber, incorporated or not, the presence of copper will lead to a reduction in performance either through dopant compensation or an addition of recombination centers. Lifetime and overall PL intensity have been shown to be dramatically reduced with an excess of copper [21] . Preventing this migration is essential to maintain the high quality and long carrier lifetime in the absorber. Yet, the SIMS profile in Fig. 5 shows just such an undesirable occurance. Copper has migrated, from the surface, several hundred nanometers into the CdTe absorber. It is worth noting that significant In diffusion from the substrate, and subsequent buffer layer, is present at the back side of the device and can be seen to increase the doping in the bottom 250 nm of the absorber.
While annealing after copper deposition is not necessary to achieve copper activation in the ZnTe, additional processing steps, as well as operating conditions, can expose the cell to temperatures that may effect the migration of the copper. The SIMS profile was taken on a solar cell with no annealing and already shows copper within the absorber; as the copper seed layer is not removed during processing, annealing can only increase the density and depth of the copper in the absorber. Using the PL quantum efficiency as an indicator of the implied V oc [22] , significant degradation is seen as annealing moves additional copper into the absorber. Annealing was carried out in standard atmospheric conditions for a period of 30 s at each temperature. As can be seen in Fig. 6 , even before annealing, 10Å of copper leads to a reduction in PL. As the annealing temperature nears 150°C, the PL begins to crater with a complete loss of performance and zero PL intensity at only 200°C, while the control sample takes longer to decay. Reducing the thickness of the copper material at the surface protects, to some extent, the integrity of the absorber with little to no annealing, but is still detrimental when exposed to temperatures beyond 100°C.
C. Device Characterization
Table II compares the V oc and power conversion efficiency (η) for several device structures, each with a different hole contact. The introduction of the MgCdTe barrier clearly results in an improvement in V oc , no matter the hole contact used. The arsenicdoped ZnTe hole contact provides a higher V oc and efficiency than that of the copper-doped contact (ZnTe:Cu), with copper diffusion being a potential cause. The current density-voltage (J-V) curve for the highest efficiency ZnTe:As-based device is Fig. 7 . Light J-V curve and power density for a CdTe double-heterostructure solar cell with a ZnTe:As hole contact. This curve represents an active-area efficiency corrected using the integrated EQE. shown in Fig. 7 with the external quantum efficiency (EQE) and reflectance shown in Fig. 8 . Devices are isolated using an aperture comprised of a 100-μm silicon wafer with laser-cut windows. Circular holes with areas of 0.033 and 0.074 cm 2 are used to accurately define the area of each device. ZnTe was chosen because of its ability to achieve high hole concentrations inducing high built-in voltages, but of similar importance is the wide bandgap of ZnTe, which allows for less parasitic absorption when compared with other amorphous or poly-crystalline hole contacts, such as a-Si:H.
The internal quantum efficiencies (IQEs) of two device designs are shown in Fig. 9 . With the use of ZnTe:As as the hole contact, parasitic absorption at shorter wavelengths (<600 nm) is minimized. The difference in IQE corresponds to a 2.1 mA/cm 2 gain of potential photogenerated current when using ZnTe instead of a-Si:H. This represents nearly 7% of the maximum short-circuit current density (J sc ) attainable for a bandgap of 1.5 eV. The copper-doped ZnTe hole contact shows the same improvements in quantum efficiency at shorter wavelengths and consequently demonstrates similar improvements in current. This large current differential taken from the IQE is not necessarily born out in the current comparison between the highest performance devices shown in Table II , as the ZnTebased devices will have a significantly different reflectance than that of the the a-Si:H-based devices. A proper comparison of the final currents would need to be made after each device has an optimized antireflection coating.
Unfortunately, while the reduction in parasitic absorption goes a long way in moving the ZnTe-based solar cells closer toward the efficiency records set by the a-Si:H-based cells, the V oc is not simulatneously maintained at this point.
IV. CONCLUSION
Monocrystalline p-ZnTe/i-MgCdTe/n-CdTe/n-MgCdTe double-heterostructure solar cells were grown through a combination of MBE and MOCVD deposition techniques, negating the effect of the ZnTe/CdTe heterointerface through the use of a MgCdTe passivation and barrier layer. The steadystate PL intensity and built-in voltage results suggest that the CdTe/MgCdTe double-heterostructure solar cells with a ZnTe hole contact layer have the potential to achieve a high implied V oc ; however, this paper shows that extracting that voltage at the electrodes is not trivial. The V oc of the solar cell devices with a ZnTe:Cu and ZnTe:As hole contact are 819 and 867 mV, respectively. Yet, the use of ZnTe as the top hole contact layer improves the EQE at wavelengths below 600 nm, thereby dramatically increasing the J sc of such devices by over 2 mA/cm
